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A complete set of analyzing powers for the
−→
d d → 3Hp reaction at the kinetic beam energy of
200 MeV has been measured in the full angular range in the c.m. frame. The observed signs of
the tensor analyzing powers Ayy, Axx, and Axz at forward and backward directions have clearly
demonstrated the sensitivity to the ratio of the D− and S−wave components of the triton and
deuteron, respectively. The new high-precision data are compared with the prediction of the rela-
tivistic multiple-scattering model by using standard wave functions of the three-nucleon bound state
and of the deuteron.
PACS numbers: 24.70.s, 21.45.v, 25.10.s.
The most fundamental questions in nuclear physics are
related to the properties of the light nuclei and forces
which bind nucleons, protons, and neutrons to form the
building blocks of matter. The essential amount of exper-
imental data sensitive to the structure of light nuclei has
been accumulated during the last decades. The cross sec-
tion [1–7] and spin observables, such as analyzing powers
[8–11], spin correlation coefficients [12], and polarization
transfer coefficients [13, 14] are measured for Nd scatter-
ing. Large discrepancies between the Nd data and theo-
retical predictions based on the exact solution of the Fad-
deev equations with modernNN potentials are obtained.
These discrepancies are particularly significant in the an-
gular region of the cross-section minimum and at the en-
ergy of incoming nucleons above 60 MeV [15]. The inclu-
sion of the 2pi-exchange three-nucleon forces (3NF) mod-
els such as Tucson-Melbourne [16] or Urbana [17] into
theoretical calculations has improved the description of
the differential-cross-section data. However, theoretical
calculations with 3NFs still have difficulties in reproduc-
ing the data of some spin observables. At higher energies,
not only spin observables but also cross sections at back-
ward scattering indicate the deficiencies of the present
3NF models [18–20]. A more comprehensive analysis of
the internal structure of light nuclei and the 3NFs effect
also requires the study of four-nucleon systems because
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they have a number of features not found for three nucle-
ons, including the existence of excited states, a compli-
cated reaction mechanism, many channels in [3+1] and
[2+2] configurations, and much stronger polarization ef-
fects.
A number of experiments which rely on the detailed
knowledge of the spin structure of the bound-state wave
functions of A = 3 nuclei, has been performed at inter-
mediate energies. The structure of the 3He nucleus was
investigated using the 3He(p, 2p) and 3He(p, pd) reactions
at the TRI-University Meson Facility (TRIUMF) [21]. It
has been found that calculations using realistic 2N po-
tentials are unable to reproduce the measured nucleon
momentum distribution in the region of internal momen-
tum q > 300 MeV/c. The precise data sensitive to the
short-range spin structure of 3He were obtained at 197
MeV at the Indiana University Cyclotron Facility (IUCF)
[22] up to q ≈ 400 MeV/c. The observed polarization of
the neutron and proton at zero nucleon momentum in
3He(Pn = 0.98 and Pp = −0.16, respectively) is in good
agreement with the Faddeev calculations [23]. However,
at higher momenta there is a discrepancy, which can be
explained due to the uncertainty of the theoretical cal-
culations, as well as to large rescattering effects. The
differential cross section and spin correlation parameter
Cyy in the p+
3He elastic backward scattering have been
measured at Ep=200, 300 and 400 MeV to study the
reaction mechanisms and the validity of the 3He wave
functions based on realistic NN potentials [24].
The dd → 3Hp(3Hen) process can be used as an ef-
2fective tool to investigate the structure 3H and 3He at
short distances. The analysis of the polarization effects
for these reactions in the one-nucleon exchange (ONE)
model [25] has shown that the tensor Ayy, Axx, and Axz
analyzing powers at the forward and backward angles
are related to the D/S ratio of 3H(3He) and deuteron
wave functions, respectively. The tensor analyzing power
T20 has been obtained in the
−→
d d→ 3He(0◦)n (3H(0◦)p)
reactions at the energy of deuteron 140, 200, and 270
MeV at the Institute of Physical and Chemical Research,
Japan (RIKEN). The calculations of the ONE model
qualitatively describe the energy dependence of T20 [26].
However, the recent data on the tensor Ayy, Axx and Axz
analyzing powers for the
−→
d d→ 3Hen reaction obtained
at 270 MeV [27], have demonstrated a strong disagree-
ment with the predictions of ONE at the angles larger
than 15◦ in the c.m. frame. This difference may indicate
that the knowledge of a short-range structure of 3He is
not complete. The other reason may be the importance
of the addition-to-ONE reaction mechanisms. Recently,
a formalism based on the Alt-Grassenberger-Sandhas [28]
equations for the four-body case has been developed to
describe the data both of the differential cross section
and of polarization observables in
−→
d d→ 3Hp(3Hen) re-
actions at the deuteron kinetic energies of a few hundred
MeV [29, 30]. A reasonable agreement between the data
and theoretical results has been obtained at the energy
of 300 MeV. It has been observed that the inclusion of a
single-scattering diagram in addition to the ONE mech-
anism significantly improves the description of the ex-
perimental data; however, it is not enough to reproduce
the magnitude of the cross section and tensor analyzing
power T20 [29].
This paper presents the precise experimental data on
the vector Ay and tensor Ayy, Axx, Axz analyzing powers
in the
−→
d d → 3Hp reaction at 200 MeV in the full
angular range in the c.m. The goal of these measurements
was to obtain data sensitive to the 3H spin structure at
short distances.
Measurements of the analyzing powers in the
−→
d d →
3Hp reaction at 200 MeV have been performed at the
RIKEN Accelerator Research Facility (RARF). The de-
tails of the experiment are discussed elsewhere [26, 27];
below, we briefly describe the main items of the experi-
mental procedure.
The high-intensity polarized deuteron beam was pro-
duced by the polarized ion source(PIS)[31] and acceler-
ated by the azimutaly varying lield (AVF) and ring cy-
clotrons up to the energy of 200 MeV. The direction of the
symmetry axis of the beam polarization was controlled
with a Wien filter located at the exit of the PIS. The
magnitudes of the beam polarization were determined
by the Swinger (SwingerPOL) and Droom (DroomPOL)
polarimeters, based on the measurement of asymmetry
in the
−→
d p elastic scattering with the known large values
of the tensor and vector analyzing powers [5, 6]. The
Droom polarimeter was used for monitoring the polar-
ization while taking data. The Swinger polarimeter mea-
sured the polarization before and after each run. The po-
larization values obtained from both polarimeters agreed
with each other within the statistical accuracy; there-
fore, the beam polarization for each polarization state of
the PIS was taken as a weighted average of the values
obtained by these polarimeters.
In the present experiment, the data have been taken
with polarized and unpolarized beams for different com-
binations of the incoming polarization given in terms of
the theoretical maximum polarization values (pz,pzz) =
(0,0), (0,-2), (-2/3,0) and (1/3,1). These polarization
modes were changed cyclically every 5 seconds by switch-
ing the RF transition units of the polarized-ion sources.
The actual values of the beam polarization were between
32% and 75% of the maximum theoretical value. The
systematic error due to the uncertainties of the values of
the dp elastic scattering analyzing powers does not ex-
ceed ≈ 2% both for the vector and tensor polarization
of the beam. The systematic and statistical errors have
been added in quadrature to calculate the total error of
the beam-polarization values.
The measurements of the scattered-particle momenta
and separation from the primary beam were performed
by the magnetic system of the SMART (Swinger and
Magnetic Analyzer with a Rotation and a Twister)
[32] spectrograph consisting of two dipole and three
quadrupole magnets (Q-Q-D-Q-D). The detection system
of SMART consisted of three plastic scintillation counters
and a multiwire drift chamber(MWDC). The coincidence
of the signal outputs of all the three scintillation coun-
ters was employed as the event trigger. Pulse heights of
the plastic scintillation counters were used to select the
particle of interest at the trigger level. The identification
of the scattered particles (3He, 3H and p) was based
on the energy losses in the plastic scintillators and time-
of-flight measurements between the target and detection
point. The distance between the target and the detec-
tion point was about 17m, which was enough to separate
3H , deuterons, and protons with the same momentum.
The MWDC information was taken to reconstruct the
particle trajectories in the focal plane. The trajectories
of the detected particles at the second focal plane were
determined by the least-squares method using the posi-
tion information obtained from the MWDC. The typical
track reconstruction efficiency of the MWDC was better
than 99%. The ion-optical parameters of the SMART
spectrograph were also taken into account to calculate
the momentum of the particle and emission angle in the
target to obtain the track information. The resulting en-
ergy resolution was ∼ 300 keV.
The deuterated polyethylene (CD2) sheet 54 mg/cm
2
thick [33] placed in the scattering chamber of the SMART
was used as the deuterium target. The carbon foil 34
mg/cm2 thick was taken to measure the background
spectra. The experiment was performed in such a way
that only one secondary particle was detected. Tritons
and protons were registered in the 0◦−90◦ and 90◦−180◦
3angular ranges in the c.m. frame, respectively. The con-
tribution of the deuterium target was obtained via the
CD2−C subtraction procedure for each spin state at ev-
ery angle. The subtraction procedure shown in Fig. 1 for
the 12◦, 56◦, 144◦ and 168◦ scattering angle in the c.m.
frame. Figures 1(a), 1(b), and 1(c), 1(d), correspond
to the cases when tritons and protons were registered,
respectively. The spectra are plotted as a function of the
excitation energy Ex, which is defined as follows:
Ex =
√
(E0 − E)2 − (P0 −P)2 −M,
where P0 is the incident momentum, E0 = 2Md + Td is
the total initial energy, E and P are the energy and mo-
mentum of the registered particle, respectively, andM is
the mass of the nonregistered particle. The left panels
represent the relative yields from the CD2 and carbon
targets shown by the open and shadowed histograms, re-
spectively. The histograms are normalized for the sake
of comparison. Peaks at Ex = 0 MeV correspond to
the
−→
d d → 3Hp reaction. The right panels show the
spectra after subtraction of the carbon events normalized
to luminosity and corrected for dead time. It is clearly
demonstrated that the subtraction procedure has been
carried out properly.
The analyzing powers Ay, Ayy, Axx and Axz in the
−→
d d → 3Hp reaction were obtained from the number of
the events after the CD2 −C subtraction procedure and
beam polarization. The number of the events was nor-
malized to the dead-time effect, the detection efficiency,
and beam intensity. Since the polarization modes were
cycled every five seconds, the systematic uncertainty due
to any time-dependent effects such as deuterium losses
from the CD2 target caused by beam irradiation, can be
neglected. When the angle of the scattered particle in
the c.m. frame was less than 6◦ or larger than 174◦, the
azimuthal angle covered by the particle detector became
between 120◦ and 360◦ depending on the scattering an-
gle. In this case, the range of the azimuthal angle was
divided into bins of 15◦. The asymmetry from each bin
for each polarized spin mode of PIS was acquired indi-
vidually and the analyzing powers were obtained from
the fit of the asymmetry distributions by the function
depending on the azimuthal angle.
The experimental results on the angular distributions
of the vector Ay and tensor Ayy, Axx, Axz analyzing
powers of the
−→
d d → 3Hp reaction in the c.m. frame
at the energy of 200 MeV are presented in Fig. 2 by
the black circles. The error of the experimental values
includes both the statistical and systematic errors. The
systematic error was derived from the errors of the beam
polarization measurements.
The lines in Fig. 2 are the results of the relativis-
tic multiple-scattering-model calculations [29]. Here the
parametrized CD-Bonn deuteron [34] and triton [35] wave
functions were used. The dashed curves correspond
to the calculations including only ONE terms, while
the solid curves correspond to the case taking into ac-
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FIG. 1. The CD2−C subtraction for the ~dd→
3Hp reaction
at Td = 200 MeV. The open and shadowed histograms in
the left panels correspond to the yields from the CD2 and
carbon targets, respectively. The right panels demonstrate
the quality of the CD2 −C subtraction. The panels (a), (b),
(c), and (d) correspond to the 3H scattering angles in the
c.m. frame of 12◦, 56◦, 144◦, and 168◦, respectively.
count both the ONE and single-scattering (SS) contribu-
tions. The ONE mechanism dominates at forward- and
backward-scattering angles [29], therefore, the observed
negative and positive signs of the tensor Ayy, Axx and
Axz analyzing powers at forward and backward scatter-
ing angles, respectively, reflect different signs of the D/S-
wave ratios in the triton and deuteron wave functions.
Strong disagreement of the experimental data with the
theoretical calculations taking into account only ONE
mechanisms has been observed at the angles between 15◦
and 160◦ in the c.m. frame. The deviation of the vector
analyzing power Ay from the zero value also indicates
that the mechanisms additional to ONE should be con-
sidered. Note that the similar behavior of analyzing pow-
4ers is observed for the
−→
d d→ 3Hen reaction obtained at
270 MeV [27], where the experimental data demonstrate
strong disagreement with the predictions of ONE at the
angles larger than 15◦ in the c.m. frame.
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FIG. 2. Results for the vector Ay and tensor Ayy, Axx, Axz
analyzing powers in the ~dd→ 3Hp reaction at 200 MeV. The
dashed and solid lines are theoretical calculations taking into
account the ONE and the ONE + SS contributions, respec-
tively.
The inclusion of the single-scattering diagrams in addi-
tion to the ONE mechanism into theoretical calculations
significantly improves the description of the experimen-
tal data on the tensor analyzing powers. The behavior of
the vector Ay analyzing power is also reproduced at for-
ward and backward directions in the c.m. frame, which
means that the ONE and SS mechanisms give the main
contribution to the
−→
d d→ 3Hp reaction at these angles.
However, large deviations of the theoretical predictions
from the experimental data still remain. The effort to
improve the description of the experimental data using
other parametrizations of the deuteron and 3He wave
functions was undertaken in Ref. [36]. The obtained re-
sults have demonstrated insufficient quantitative differ-
ence between the calculations with CD-Bonn and Paris
parametrizations [35] and do not describe the existing
peaks between 20◦ and 40◦ of the scattering angles. A
similar problem in the description of the analyzing pow-
ers for dd- elastic scattering at 231.8 MeV was found
for the approximation based on the lowest order terms
in the Born series expansion of the Alt-Grassenberger-
Sandhas equations for four nucleons interacting with the
CD-Bonn potential [37]. Unfortunately, this model was
not applied to describe the polarization observables for
the
−→
d d→ 3Hen reaction in this energy domain.
The discrepancy between the data and the calculations
shown in Fig. 2 can be explained by the reaction mecha-
nism which differs from ONE and ONE + SS and/or by
incomplete description of the short-range 3H spin struc-
ture. It is possible that the ∆-isobar excitation in the
intermediate state may give some contribution to the ten-
sor analyzing powers.
This possibility is discussed in Ref. [38], where the
∆ isobar is taken into consideration in the simplest phe-
nomenological model.
High-precision data have been obtained on the Ayy,
Axx, Axz and Ay analyzing powers in the
−→
d d → 3Hp
reactions sensitive to 3H spin structure at the energy of
initial deuterons 200 MeV. The ONE calculations using
3H and deuteron wave functions derived from CD-Bonn
potentials have described the data on the tensor Ayy,
Axx, and Axz analyzing powers at forward and backward
angles. However, they have failed to reproduce strong
variations of the tensor analyzing powers as a function
of the scattering angle in the c.m. frame. The inclusion
of the single scattering term into theoretical calculations
has significantly improved the description of the experi-
mental data, especially at the backward angles. But the
behavior of the analyzing powers at forward angles (15◦–
50◦ in the c.m. frame) has not been reproduced. This
deviation indicates that further development of theoret-
ical approaches is required.
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